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ABSTRACT

The purpose of this research was to devise and test new interfe rence
suppression techniques. A major motivation was the desire to minimize
the deleterious effects of HF radio-station interference to an ionosphere
sounder. Previous research has shown that the FM-CW waveform is partic-
ularly attractive for ionosphere sounding because of the ability to gen-
erate waveforms having very large time bandwidth products using electron-
ically controlled frequency synthesizers. In studying interference problems
during this research it was appreciated for the first time that simple non-
linear processing (e.g., clipping) in the FM-CW sounder is directly anal-
ogous to the much more complicated nonlinear processing (e.g., frequency-
by-frequency limiting) necessary in the corresponding simple-pulse or coded-
pulse sounding systems.

A new interference suppression method has been devised and shown to
be effective in removing pulse or FM-CW interference from narrow-band sig-
nals. Interference energy at frequencies outside the desired-signal band-
width is processed and used to balance out the interference energy included
with the desired signal. The balancing action is intermittent and the prin-
ciple of operation is to switch from one linear mode to another, hence the
name quasi-linear suppressor (QLS).

The performance of the quasi-linear suppressor in removing pulse or
FM-CW signals generated in the laboratory, was shown to be very satisfac-
tory. An FM-CW sounder receiver was tested at a field site where antennas
of a type typically used for ionosphere sounding were available. It was
found that the new suppressor was able to decrease the amplitude of the
IF response due to interference at least 20 dB for about 70 percent of the
stations. The FM-CW receiver was also used to compare the suppression of
HF radio-station interference by means of the new quasi-linear suppressor,
with a hitherto preferred nonlinear technique. A CW signal, to simulate
a desired sounder signal, was added to the interference background received
from the antenna. The criterion for performance in this test was the ratio
of the spectrum analyzer response at the desired CW frequency, to analyzer
responses caused by the interference. (The interference usually affects

all filters in the analyzer roughly alike.) The improvement in this ratio
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when using the quasi-linear suppressor was found to be approximately 3 dB.
It is felt that this is a pessimistic result because in the process of
testing, it was observed that the laboratory FM-CW generator contained
spurious outputs which greatly increased the effects of the interference

in a way which reduced the advantage of the quasi-linear scheme over non-

linear methods.
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I. INTRODUCTION

A, PURPOSE

The object of the research reported herein was to devise and test
new interference~suppression methods to be used in the processing of
signals in the presence of additive interference. An effective inter-
ference-suppressing technique may be defined as one which has the ability
to distinguish between the additive interference and the desired signal,
and to select the signal while rejecting the interference.

In the present study, emphasis is on those situations in which the
desired information is contained in the amplitude and phase of a complex
signal whose frequency components are contained within a known bandwidth,
It is assumed that the additive interference has frequency components
both inside and outside the signal bandwidth, and that the components

outside the bandwidth are correlated with those inside the bandwidth.

B. BACKGROUND

1. Motivation

A specific motivation for the present work was the desire to
improve the quality of interference rej-ction in the linear-sweep con-
tinuous wave (FM-CW) ionosphere sounder. This device is used for
determining the refractive properties of various layers of the iono-
sphere, which in turn affect the %ransmission of high-frequency (HF)
radio signals,

Electronic analog communication, where radiation (as contrasted
with guiding) of energy takes place, is of very great economic importance,
Unfortunately the frequency spectrum useful for radiation has a finite
width. The demands for spectrum space are steadily increasing as the
world's needs for communication increase. The frequency interval within
which signals can be transmitted via the ionosphere is particularly
limited and is therefore especially crowded, and interference is already
a serious problem. Furthermore, the properties of the ionosphere are

extraordinarily variable: there are major changes with time of day,
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season, geographic location, and position in the sunspot cycle, To
ensure optimum utilization of the available frequency spectrum, these
changes shoulc be known as a function of real time.,

The circumst .nces described above have led to widespread
adoption of techniques for sounding the refracting ability of the iomno-
sphere, preferably in many geographic areas at one time., Once this
information is available, it is possible to adopt procedures (such as
choice of radio frequencies, antennas, etc.) which insure best utiliza-
tion of the ionospheric layers and hence the most effective communication,
Knowledge of the condition of the layers is useful for other purposes as
well. For example, the ionosphere is perturbed by large explosions
[Ref, 1] such as nuclear tests. Since the occurrence of such tests
over inaccessible terrain can be monitored by radio means, ionosphere
sounding has acquired additional importance in this connection,

A unique problem with ionosphere sounders 1is that they must
operate with variable radio frequency, in order properly tc assess the
refractive properties of the plasma, Further, they must operate in a
portion of the spectrum which is for all practical purposes already
filled with other signals. They must not themselves be put out of action
by the signals received, and they must not cause too much interference
to other users of the spectrum. One type of sounding signal which Las
proven quite promising in both regards is the linear FM-CW sweep, which
appears likely to find increasing application in the future. Improvement
in the interference-rejection ability of the FM-CW ionosphere sounder,
therefore, should prove valuahle in increasing knowledge of the properties
of the ionosphere and hence in ensuring optimum utilization of the fre-

quency spectrum available for HF radio propagation.

2, Previous Work in the Field

Previous efforts toward overcoming the deleterious effects of
the fixed-station interference in an ionosphere sounder have been limited
to the development of methods for increasing the transmitted energy, and
the adoption of nonlinear signal processing. The disadvantages of these

techniques are that the increased transmitted energy may worsen the
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interference to fixed-station communicators, and the nonlinear operations
often distort the desired data, thus making its interpretation more
difficult.

A complete discussion of previous work in the field of inter-
ference suppression, with especial reference to the ionosphere sounder,

will be found in Chapter III.

cC. APPROACH USED IN THE PRESENT STUDY

In view of the limitations and disadvantages inherent in existing
methods of interference suppression, the author of the present study has
developed a quasi-linear anti-interference technique which actually bal-
ances out interference while leaving the desired signal intact. (There
is a slight degradation in signal-to-noise ratio during the balancing
operation.) The technique, called the "Quasi-Linear Suppressor" (QLS)
is parti-ularly useful in reducing interference caused by fixed-station
signals in an FM-CW ionosphere sounder. The technique can also be used
to suppress FM-CW or impulsive interference in communication systems,
provided a bandwidth of three times the desired signal bandwidth, and
centered about the latter, is available free of other narrow-band
transmissions,

The balancing action of the QLS is intermittent, and must be trig-
gered by the interfering signal. The efficiency of interference removal
therefore depends to some extent on the effectiveness of the triggering.
The anti-interference circuit described here performs well with that
fairly large class of interfering signals which have frequency components
extending well outside the desired-signal passband, and whose statistical
properties are reasonably well understood and amenable to prediction.

Two types of interfering signals possessing these properties are impulse
signals and FM-CW signals,

The quasi-linear interference suppression technique to be discussed
is particularly well adapted to handle FM-CW signals, In a sounder of
the FM-CW type, the QLS technique can reduce the effects of a large class
of fixed-frequency interfering signals, In addition, for fixed=-frequency

services (provided that certain requirements can be met) the technique
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offers the possibility of greatly reducing FM-CW sounder interference
(or with a slight modification, impulse interference) with little effect
on a communication receiver,

In this report the design of the QLS and its component circuitry is

analyzed, and test results measuring its effectiveness are presented.

D. CONTRIBUTIONS

Original contributions involved in the research described herein

are as fnllows:

o A new method of eliminating impulse interference by cancella-
tion, using a quasi-linear technique, was devised. A circuit
was constructed to demonstrate the feasibility of the method.
In a preferred configuration of the circuit, its operation
during impulse cancellation can be described by the theory of
linear time-varying systems, thus distinguishing the method
from any of the previously proposed methods for eliminating
impulse interference.

2 The quasi-linear method was extended to include interference
caused by FM-CW ("chirp") waveforms. The feasibility of using
the quasi-linear method to decrease the interference caused by
HF radio stations to an FM-CW ionosphere sounder was demonstrated
in tests using a simulated FM-CW sounder receiver.
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IT. TYPES AND PROPERTIES OF INTERFERENCE

As pointed out in the introduction, an effective interference-
suppressing technique may be defined as one which has the ability to
dictinguish between the disturbance and the desired signal and to select
the signal while rejecting the disturbance. The basis for the selection
can be any property of the radio-frequency signals such as their relative
amplitudes, frequencies, phase relations, etc. In this chapter, the
types and properties of interference important in this research are

discussed.

A, THE HF RADIO BAND

As a preliminary step, the nature of the HF radio spectrum will be
discussed in order to illustrate the importance of HF radio and to
describe the properties of the interference encountered by the ionosphere
sounder. It should be noted that the interference suppression methods
to be discussed in later chapters of this work do not attempt to alleviate
the problems of interference between adjacent narrow-bandwidth HF com-
municatiqn channels (i.e., they are effective only against wide-bandwidth
signals) .,

Radio transmissions at frequencies within the HF band (3-30 MHz)
encounter unique conditions of refraction and low attenuation during
propagation in the ionosphere, These conditions make extremely long
distance communication possible. However, dispersion, multipath, maxi-
mum usable frequency (MUF), and attenuation are effects which limit the
range of frequencies that may be used for reliable long-distance
communication.

Economic considerations are an important reason for communication
by HF radio. Other communication methods for point-to-point communica-
tion (such as cable, microwave relay chain or relay satellite) are
superior to HF radio in reliability and quality; but often the amount
of communication traffic between two given points does not Jjustify the
comparatively greater expense or complication of these methods., The HF

band is particularly useful in mobile situations. In the case of

5 SEL-68-052
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broadcasting service such as provided by the British Broadcast Corpora-
tion, the Voice of America, and others, HF radio is also used for economic
reasons, since fewer transmitters are required to cover a given geographic
area compared to the number required for standard broadcasting at fre-
quencies below 3 MHz. Transmissions in the HF band are also useful for
international information exchanges, where it is desired to communicate

to populations whose governments would not allow foreign operation of
broadcast stations on their soil.

Because of the utility of, and demand for, HF radio, the frequencies
for which long-distance propagation is of good quality are almost com-
pletely in use. Band-occupancy surveys have shown that the output of a
5 kHz bandwidth receiver connected to a sensitive antenna yields a signal
level well above that corresponding to random noise more than 90 percent
of the time as the receiver is tuned across the more active portions of
the HF band [Ref. 2],

Many types of modulation are employed in HF radio, but a detailed
discussion of them is not necessary here. The majority of transmissions,
however, are of less than 10 kHz bandwidth, with most of the energy con-
tained in a carrier wave of fixed or slowly varying frequency. The most

notable exceptions to this statement are multiplex telegraph systems.

B. IMPULSE NOISE

Impulse noise can be characterized as having greater excursions
above the rms value than would be expected from a gaussian random noise.
This is a consequence of spikes or bursts of energy from single sources,
each of which has energy which cannot be considered negligible compared
to the total noise energy. Some typical and highly ubiquitous sources
for this type of disturbance are lightning discharges, automobile igni-
tion systems, arcing electrical contacts, etc.

If the energy bursts are sufficiently narrow in time (i.e., wide in
frequency bandwidth) their effect on a system may be indistinguishable
from that expected of an ideal impulse (i.e., zero duration, infinite
amplitude) [Ref. 3]. A single ideal impulse will cause identical envelope

responses when applied to two symmetrical filters of equal bandwidths but
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differing center frequencies. When a sequence of impulses with random
spacing is applied to the same filters, the filter responses will not be
identical unless the filter ringing caused by each impulse has decayed
to an insignificant level before the next arrives. This is because the
phase of the ringing with respect to the phase of the new impulse response
is a function of the center frequency of the filter. Similarly, the
envelope probability distribution of a single filter output becomes the
same as a gaussian random process (Rayleigh) as the rate of randomly
spaced impulses is increased to some value determined by the filter band-
width, Thus a disturbance with a particular rate of impulse occurrence
may retain its impulsive properties in a wide bandwic th filter, but be
indistinguishable from a gaussian process in a narrcv bandwidth filter
Many disturbances which are nearly equivclent ‘o a true impulse at
the source lose much of their impulsive property before reaching the
receiver. The phenomena of dispersion and multipath, such as occur with
an ionospherically propagated signal, may introduce substantial waveform
distortion. Theoretically, the dispersion could be compensated by using
a network of equal but opposite dispersion; but of course the dispersion
is usually not known, and in addition, interference may be arriving from
several sources with differing dispersions. Multipath increases the
number of impulses received at a given point, requiring a larger band-
width to preserve the impulsive properties; and if dispersion is present
at the same time, the impulsive properties may be degraded for any band-

width, and thus make its elimination more difficult.

C. IONOSPHERE SOUNDER OPERATION

Ionosphere measurement techniques involve transmitting and receiving
signals within the same frequency bands used by communicators. Methods
are required which enable these measurements to be made with as little
disruption as possible of the fixed-station communicator reception.

Electromagnetic propagation through the ionosphere can be represented
as a "block" (i.e., a self-contained unit) in a communication channel,

It is a very complex and time-variable block which has required continued

research since the first ionosphere measurement technique was developed.
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As new and more precise measurements are made, new questions tend to
arise, the solution of which calls for even better methods of measurement.
The characteristics of the ionosphere are normally determined by a sounder
which uses radar techniques to obtain a graph of time delay between trans-
mitter and receiver as a function of transmitted frequency. Such a graph
is called an ionogram. The first ionosphere soundings were made by Breit
and Tuve [Ref. 4] using a conventional pulse waveform. Sophisticated
equipment developed and waveform theory has recently led to the use of
coded pulse and FM-CW ("chirp") waveforms [Refs. 10 and 13]1. The con-
figuration of the transmitter and receiver may be monostatic or bistatic.
In monostatic sounding, the probing beam is vertical and is reflected by
the ionospheric layers back to the same spct from which it originated,
so that transmitter and receiver are in the same location. In bistatic
sounding, the probing beam is oblique and is therefore reflected by the
ionospheric layers to some spot on the earth's surface other than the
transmitting site, so that the sounder receiver and the sounder trans-
mitter are in different locations. Bistatic sounding using an oblique-
incidence probe simulates the communication situation more accurately
than does monostatic sounding using a vertical-incidence probe.
Communication equipment operators use the data resulting from the
operation of vertical-sounding sites around the world to select the time
and frequency best for communicating. The parameters most used from the
sounder data are the critical frequencies, which are the highest fre-
quencies reflected by the different lavers of the ionosphere. For re-
search purposes the ionograms also provide data enabling calculation of
the free electron density as a function of height., A resolution of about
100 usec is adequate to determine the critical frequencies and electron

densities. The corresponding typical receiver bandwidth of 10 to 40 kHz

gives enough rejection of interfcrince so that the available power in
the sounder transmitter provid n equate ratio of signal strength
to interference strength to yic ble ionograms. Sounding every 15

minutes is normally adequate for the prediction of communication condi-
tions, since the time required for significant changes in communication

parameters due to ionosphere variations is on the order of one half hour.
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During a sounding, a communication service would typically be interrupted
no more than a few seconds by the sounder transmission. This length of
time is negligible compared with the extent of other HF radio interrup-
tions due to deep fades, atmospheric noise, and other interference.
Research which is being performed to obtain more detailed informa-
tion on the properties of the ionosphere (in addition to the critical
frequencies and the related electron densities) often requires higher-
resolution soundings, usually of the oblique type, than those usable for
the more routine analyses, The problems of interference become much
greater in the wide bandwidth oblique sounder used for fine-scale study
of ionospheric phenomena. First, since the ionosphere is a time-varying
medium and the time of occurrence of many phenomena of interest is not
known, continuous operation of the sounder over long periods is required.
Second, the wide bandwidth contained by the sounder signal includes fre-
quencies being used by many fixed=-station communicators. This results
in mutual interference. The Quasi-Linear Suppressor described in this
report would improve the ratio of signal strength to interference strength
in a sounder using the FM-CW waveform. The improved interference sup-
pression could be used to improve the quality of soundings; or it could
permit decreasing the transmitted power necessary to obtain usable data,
thereby reducing the interference to other receivers, caused by the

sounder,
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III. PREVIOUS WORK IN INTERI ERENCE SUPPRESSION

As was mentioned in the introduction, previous work in interference
suppression applied to the ionosphere sounder has consisted primarily of
(a) methods of increasing the average transmitted power of the sounder;
and (b) introduction of nonlinear signal processing. One objective of
this chapter is to present an account of this previous work in sounder
interference suppression. A second objective is to present and discuss
other interference suppression methods, previously used to suppress
impulsive noise in communication practice, which are likely to be useful
in ionosphere sounding, but which have not necessarily been applied as
yet to sounding systems.

The ionosphere sounder measures, in the presence of heavy HF radio
interference, the amplitude and the arrival time of a pulse or equivalent
waveform. This measurement of time delay and amplitude as functions of
frequency can be used to determine the amplitude and phase of the transfer
function of the "block" representing the ionosphere in a communication
system such as that shown by the block diagram in Fig. 1. The objective
of a communication system is to transmit the message in an intelligible
manner. The same block diagram as that in Fig. 1 can also be used to
represent the ior.osphere sounder, where the "message" becomes a pulse of
sufficient bandwidth to give the time resolution required for the sounding
information. The return time of the pulse, and its condition, are used

to determine the properties of the ionospheric propagation path.

MESSAGE RECEIVER

WAVEFORM —='TRANSMISSION |=~{PROPAGATION SIGNAL

GENERATION i PROCESSING
INTERFERENCE

Fig. 1. BLOCK DIAGRAM OF COMMUNICATION SYSTEM.

11 SEL-68-052

A N N e e o o B R A T I S Ty



It should be noted that in the ionosphere sounder it is not enough
to indicate merely the presence or absence of a known waveform (e.g.,
the case analyzed by Hall [Ref. 5]). The true objective of the sounder
is to measure the parameters of dispersion and multipath which make the
received waveform a function of the propagation path. If methods can
be developed to compensate in the communication receiver for the dis-
persion and multipath effects, measurements provided by the scunder can
be used to determine the compensation required to restore the waveform
to its original, transmitted form, thus enabling methods such as those
developed by Hall to be most effective in the communication receiver.

In some systems the waveform generation block of Fig. 1 may simply
be a modulation process, such as amplitude or frequency modulation. In
other systems, linear operations (i.e., waveform design) may be performed
before or after the modulation in order to make the transmitted waveform
more easily distinguished from interference and noise or to make its
waveform more convenient to transmit. The receiver signal processor will
perform the inverse of any required linear operation before or after
detection of the signal.

Within the context of HF radio, the present work assumes that any
possible, relevant requirements concerning antenna design or receiver
noise figure have already been considered. In this connection, recent

developments in adaptive antennas are worth consideration [Ref. 6].

A, THE MATCHED FILTER

The matched filter is discussed here because it is the fundamental
linear system-theory contribution to the problem of detecting the presence
of a known waveform when that waveform is combined with other signals, or
with noise having a flat frequency spectrum. It was shown by North [Ref.
7] in 1943 that the best linear system to determine the presence or absence
of a known waveform in the presence of white noise is the matched filter.
The peak response from the matched filter exceeds the background noise by
a maximum amount [Ref. 8], so that the matched filter is an appropriate
candidate for use in radar or sounder signal processing when a measurement

of amplitude and time delay is required. In fact, it is a matched filter
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(or equivalent) that is used to process all the waveform designs discussed
in Part B of this chapter (Pulse Code, Smear-Desmear and FM-CW) .

A matched filter is defined as a linear system whose impulse response
is identical, within the limits of a constant multiplier, with the wave-
form to which it is matched with time flow reversed. An example of a
matched filter for video pulse is shown in Fig. 2a [Ref. 9]. With appli-
cation of an impulse a charge is immediately deposited on capacitance C.
If the delay chosen is equal to the pulse width to which the circuit is
to be matched, the inverted impulse from the delay network removes the
charge on C after a time equal to one pulse width, Thus the circuit
impulse response is equal to that of the pulse to which it was to be
matched; and since reversing the time scale does not alter the shape of
the pulse, this circuit constitutes the matched filter for the video
pulse.

The circuit of Fig. 2a [Ref. 9] can be altered to be a matched
filter for an RF pulse. The integration for the RF pulse to replace
the RC integrator for the video pulse is a single, tuned, high-Q filter.
Figure 2b shows the resulting matched filter for an RF pulse of pulse
width 1. The selection of 1 is limited to values which provide a
phase shift equal to an integral number of cycles of the pulse carrier
frequency. This is not ordinarily a serious limitation, since most
pulses are long enough to make an error of a fraction of a cycle in the
impulse response negligible, The order of the delay-line filter and the
integrator may of course be reversed in either Fig. 2a or b, since they
are both linear systems, The configuration in which the integrator
follows the filter might be the more desirable, since there would be
less energy storage in the integrator. The difficulty of constructing
a delay line with adequate amplitude and phase stability would often
eliminate using Fig. 2b for an RF pulse matched filter.

The improvement provided by a matched filter in the ability to
detect a pulse in the presence of white noise is often assumed to be
applicable to the situation where a large number of narrow-band signals
are contained within the pulse bandwidth (e.g., see Coll and Storey
[(Ref. 10]). A precise analysis to verify this assumption for the HF

sounder receiver has not been made, since an accurate statistical
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DELAY

{a)

DELAY

(b)

Fig. 2. EXAMPLES OF MATCHED FILTERS.
a. Matched filter for a video pulse.
b. Matched filter for an RF pulse.
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description of the interference encountered in the HF band is not

feasible because of the variability of the interference with time and
frequency. If a priori (to pulse reception) knowledge of the HF inter-
ference is used, such as knowledge of the frequencies of narrow-band
signals, the matched filter is not optimum, since the interfering narrow-
band signals could be suppressed with band-rejection filters. The com-
plexity of building and automatically adjusting the required number of
band-rejection filters is to be avoided if other cqually effective methods
can be found. It will be noted that when nonlinear techniques are applied
to the FM-CW sounder, they perform a function similar to that performed

by band-rejection filters in the simple pulse system,

B. SOUNDER WAVEFORM DESIGN

Waveform design methods will be discussed here because these tech-
niques include perhaps the most significant advances that have as vet
been made in overcoming the deleterious effects of interference in iono-
sphere sounding practice. The subject of waveform design is in general
important in interference suppression for two reasons:

1, The waveform representing a message may be designed to give a

desirably low ratio of peak to average power, This can
increase the average transmitted power of a peak-power-limited

transmitter, thereby improving the ability of the receiver to
detect the signal in the presence of the interference.

2, The desired signal waveform can perhaps be selected to be morc

easily distinguished from interference or noise.

The first step in considering a waveform design in general is to
determine what features of the transmission through the "communication"
channel are a measure of the quality of the detected "message." For a
digital system, the probability of error obtainable is usually appro-
priate. For an analog system, the ratio of rms signal energy to rms
noise energy (SNR) may be useful; but for the pulse case, the ratio of
peak signal energy to rms noise energy (PSNR) is most appropriate [Ref,
9]. Once a way of determining the quality of the received "message" is
found, a particular waveform design can be evaluated by considering two

factors: first, the quality of the detected message for a given average
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transmitted energy, and second, the peak transmitted energy required

for a given quality of detected message. The first factor is of general
importance, whereas the second is involved only when peak transmitter
power is a limitation or represents increased expense,

The waveform designs discussed in this section are obtained by
linear transformations of the message waveform either before or after
modulation. In all cases the message is a pulse, since the pulse is
the fundamental waveform used to measure time delay as is required in
an ionosphere sounder. Waveform design is also commonly used in com-
munication situations. In high fidelity FM broadcasting, for example,
the SNR of the detected message is improved by emphasizing high fre-
quencies before the modulation process, and de-emphasizing high fre-
quencies an equal amount after detection,

The waveform design methods presented in subsections 1 and 2 below
work by lowering the ratio of peak to average power of <the transmitted
signal. The FM-CW waveform discussed in subsection 3 has the best pos-
sible ratio of peak to average power (i.e., one); but an even more
important feature will be observed later. This is the ease by which
interference may be suppressed by using nonlinear or quasi=linear

techniques.

1. Pulse Code

Coded-pulse-compression radar systems using tapped-delay-line
methods were described by Rochefort [Ref. 9] in 1954, The description
of the coded-pulse system presented here is essentially that which Coll
and Storey [Ref. 10] applied to ionosphere sounding in 1964. A pulse
train of N pulses is transmitted. Each single pulse is narrow enough
in time duration to give the desired resolution. The pulses are coded
in such a way that at the receiver they can be added coherently to give
a pulse amplitude equal to the sum of the individual received pulse
ampli tudes.

Figure 3a shows a possible configuration of a transmitter for
a coded-pulse system. The delay-line taps are spaced with a delay of one
pulse width between taps. The pulses are coded through multiplication

by gain constants, K having amplitude and sign. The amplitude

i!
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VIDEO
puLse ] TAPPED DELAY LINE
RF CARRIER
| BALANCED
(a) MODULATOR
SINGLE - PULSE |
MATCHED FILTER|
RECEIVER
IF OUTPUT

(b)

TAPPED ODELAY LINE

ENVELOPE
DETECTOR

TRANSMISSION

PULSE

out

Fig. 3. BLOCK DIAGRAMS FOR CODED-PULSE SYSTEM.
a. Coded-pulse transmitter.
b. Matched filter for coded-pulse receiver.
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becomes amplitude modulation of the transmitted carrier; the sign

becomes either 0° or 180° phase modulation. Figure 3b shows the matched-

filter signal processor which could be used for the coded-pulse reception.

The constants K{ have an amplitude and phase which correspond to the

amplitude and sign of the Ki.

The matched filter effectively produces the autocorrelation

function of the coded pulse train as it moves through the delay line.

Codes are selected to have autocorrelation functions which are near zero

except in the nonshifted position (pulse centered in the delay line).

The undesired responses are called sidelobes because of the similarity

between the desired form of the autocorrelation function and a narrow-

beam antenna pattern., One obvious sidelobe is that which occurs when

there is only one pulse in the delay line. The siduvlobe responses will

limit the usable dynamic range of the pulse radar or sounder

A gain constant equal to 1 will be used to deronstrate the

ability of the coded-pulse system to discriminate against random noise.

When the pulse train is centered in the delay line the summation coher-

ently adds the pulse so that the peak voltage of the output pulse becomes

N times the voltage of the input pulse train. However, random noise

does not add coherently, so that the output rms noise voltage 1is NN

times the input rms noise voltage. The improvement in the ratio of peak

signal voltage to rms noise voltage is therefore NN —--an improvement of
It is

N in the ratio of peak signal power to rms noise power (PSNR).

also noted that this improvement equals the time bandwidth product of

the matched filter, which is the property commonly used to infer the

effectiveness of a pulse-compression system.

21 Smear-Desmear

The coded-pulse system derived its wideband extended-time trans-

mitted signal by sending the basic pulse signal through a multipath trans-

fer network. A similar system uses another common property of a trans-

mission path--that is, dispersion. The sounder pulse is applied to a

dispersive network before it is sent to the transmitter, so that the

frequency components of the pulse are smeared in time [Ref. 8].

At the

receiver, a network producing equal but opposite dispersion compresses
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or "desmears" the pulse back to its original shape. An appropriate man-
ner of variation of time delay with frequency is shown in Fig. 4 for each
. of the two networks. Either network could be used for the transmitter
filter, the other filter being appropriate for the receiver matched filter.
The improvement of PSNR in a peak-power-limited radar obtained by using
the smear-desmear technique is equal to the time bandwidth product of the
transmission as in the coded-pulse system.

The smear-desmear method of waveform design is also used to
transmit pulse information in the presence of impulse noise [Ref. 11],
in addition to possible uses in peak-power-limited radar. The principle
to be used in reducing impulse interference is that the impulse noise is
added to the signal when the latter is in the smeared form. When the sig-
nal plus the impulse noise is applied to the desmea.ing filter, the signal
again becomes a defined pulse, while the impulse noise is smeared. In
this procedure, impulse noise 1is rejected without an increase in average
power, which is not the case with the radar or sounder operation in the

presence of interference and non-impulsive noise.

TIME DELAY
TIME DELAY

FREQUENCY FREQUENCY

—
o
-~

{0)

Fig. 4. PLOTS OF TIME DELAY VS FRECUENCY FOR LINEARLY DISPERSIVE
NETWORKS.
a. Decreasing delay.
b. Increasing delay.
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The smear-desmear type of pulse compression system has not,
to the author's knowledge, been applied to ionosphere sounding. Methods
have not been developed to construct the required dispersive filters with
time bandwidth products much greater than one at bandwidths appropriate
for ionosphere sounding (i.e., less than one MHz). However, the disper-
sive-filter method of waveform design is presented here as background for

the FM-CW waveform to be discussed below.

3. FM-CW

If a very narrow pulse approaching an impulse (a flat frequency
spectrum) is applied to one of the filters in Fig. 4 and the output is
restricted to frequencies for which the time delay is linear with respect
to frequency, a linear-sweep continuous wave (FM-CW) or "chirp" signal
is approximately produced. The other filter of Fig. 4 becomes the corre-
sponding matched filter. The filter method of generating or detecting
FM-CW signals is not used for ionosphere sounding because techniques have
not been found to build filters with adequate pulse lengths or large enough
time-bandwidth products.

In 1954 Gnanalingam [Ref. 12] described an FM-CW sounding sys-
tem which uses two FM-CW signal generators. One generator drives the
transmitter, while the other is used as a local oscillator for a balanced
mixer at the receiver and thereby produces a beat frequency which is pro- |
portional to the product of sweep rate and time delay. This beat fre-
guency is then spectrum-analyzed to obtain the desired time delay resolu-
tion.

Gnanalingam's technique was not immediately utilized because
FM-CW generators .. sufficient linearity and bandwidth had not been devel-
oped. In 1964, Barry and Fenwick at Stanford University [Ref. 13] devised
the first FM-CW generating equipment suitable for ionosphere sounding.
This FM-CW generating equipment produces a phase-coherent sweep over 1
MHz bandwidths by digital control of a frequency synthesizer.

It is interesting to compare the spectrum-analysis method of
detecting FM-CW signals to the method of using a match filter (assuming
one could be built). This comparison is easiest to make by assuming

system constai *s as follows:
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FM-CW sweep rate 1 MHz/sec

]
[es]

Analyzer bandwidth = 1 Hz

Path time delay = T

The analyzed frequency equals 1 MHz/sec times T, so that a
change in T of a microsecond will shift the analyzed frequency 1 Hz.
This, in turn, results in a time-delay resolution of one microsecond with
an analyzer bandwidth of 1 Hz. An effective integration time of one sec-
ond is found by assuming that the analyzer filter integration time equals
1/B. During this one second, 1 MHz of the RF signal is used to obtain the
one microsecond resolution, just as would be required with a conventional
pulse. The noise accepted by the 1 Hz filters is equal to 10_6 of that
in the 1 MHz bandwidth used in a conventional pulse receiver. This accom-
plishes an improvemeat of 106 in the PSNR as compared with the simple
pulse radar having the same peak power. By finding the product of inte-
gration time and sweep rate, the time bandwidth product is found to be
106, so that the results of spectrum-analyzer detection are found to be

equivalent to those of the matched-filter detection.

C. AN INEFFECTIVE "LINEAR IMPULSE-NOISE SUPPRESSION TECHNIQUE"

The circuit represented by the block diagram in Fig. 5 was described
by Baghdady [Ref. 14] in 1960 as being effective in suppressing impulse
interference. The upper amplifier has adequate bandwidth to pass the sig-
nal, while the lower is wider by a factor k in order to provide the can-
celling signal. The general idea in this circuit was that when the gain
of the two paths is adjusted to obtain the best cancellation of the filter
ringing due to an impulse, the resulting difference in gain causes only
partial cancellation of a desired narrow-band signal. However, an analysis
was conducted by the present author to confirm suspicions that the sup-
pression of impulse noise attributed to this network is misleading.

In evaluating this system Baghdady calculates the improvement in the
ratio of signal amplitude to peak impulse-response amplitude at point 2
over that at point 1 shown in Fig. 5. The waveforms illustrate the prin-
ciple in the case where the amplifiers have high Q, single-tuned circuits

as loads. Nearly perfect cancellation results when the impulse response
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LINEAR AMPLIFIER
GAIN = G
BANDWIDTH =8
CENTER FREQUENCY=w,

LINEAR AMPLIFIER
GAIN = b6
BANDWIDTH=kB
CENTER FREQUENCY = w,

Fig. 5. BLOCK DIAGRAM OF A PURPORTED LINEAR IMPULSE SUPPRESSOR.

is largest, and the resulting peak amplitude of the impulse response is
decreased more than the signal attenuation resulting from the subtraction.
Optimum results are obtained in this case by making b equal to 1/k. The
improvement in the ratio of signal amplitude to peak impulse amplitude
then approaches 8.686 dB as k approaches 1 from above.

For the simple tuned-circuit case, Fig. 6a shows the transfer func-
tions to match the optimum conditions. Figure 6b shows the results of
reducing the block diagram by subtracting the lower transfer function
from the upper. It can be seen from this result that the same two filters
in series give the same transfer function (except for a constant) just as
they do in the subtracting configuration. Thus the justification for the
decreased impulse response is simply that more filtering is carried out.

The concept of the "linear impulse-noise suppression technique" de-
scribed above was based on consideration of waveforms in the time domain.
However, without checking the frequency response to each of the points
where impulse responses are observed, the peak values do not have any
significance. The following is a quote from Baghdady: "Bandwidth restric-
tion to the minimum necessary value of B in circuits that follow the ar-

*
rangement shown in Fig. 23 1is expected to result in the removal of any

*
Figure 5 of present report.
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As
Bis? + B,s + B,

(a) Blsz + szs + 83

Ay(k-1)s?
(B,s2+B,5+By) (B;s?+kB, s +B,)

(b)

Fig. 6. REDUCTION OF BLOCK DIAGRAM OF IMPULSE SUPPRESSOR.
a. Complete diagram.
b. Reduced diagram.

- added random noise or interference that may pass through the excess band-
width of the lower amplifier branch." It is obvious from this sentence
that it was not realized that the effective bandwidth to the output after
subtracting is narrower than that in either separate path, which is of
course the real reason for the decreased impulse response.

A linear network is described by its transfer function, which con-
tains the amplitude and phase of the transmission from input to output
at all frequencies. Clearly, energy vithin a band of frequencies must
be transmitted according to this transfer function, regardless of the
differing properties of the time function that may describe the input
signal. This consideration should rule out a search for a linear inter-
ference suppression technique to improve the SNR of an existing signal
with respect to interference, except that one should use the narrowest

bandwidth filter consistent with signal requirements.

- 23 SEL-68-052

2 '-‘_n. 11\ -\ 'k' ""1 \'L.‘-‘.;.'-._-." [
Hk % j" :}?.4- R TR A O

g R T L TN T T T T 4 L L T T I £ A



D. NONLINEAR METHODS FOR SUPPRESSING IMPULSE INTERFERENCE

1. Clipping and Blanking

Techniques for suppressing impulse noise are described here
because the effects of interfering stations on the FM-CW ionosphere sounder
receiver are very similar to those which would be caused by impulses, so
that methods that have been devised for suppressing impulse noise are
likely also to be applicable to eliminating the effects of interfering
stations in an FM-CW sounder receiver. Additional new approaches to the
problem of impulse suppression may be justified because of the ease and
economy with which complicated network functions may be realized and con-
structed by using recently developed integrated circuits.

Effective nonlinear techniques are available for interference
suppression when it is possible to distinguish between signal and inter-
ference on the basis of the amplitudc of the time function. This is par-
ticularly true for iumpuise interference. The suppression of this type of
interference is usually accomplished by vestricting the dynamic range of
the signal plus interference, thereby preventing large responses caused
by impulse occurrence. If the result of losing part or all of the signal
for short lengths of time is not serious, the method may be adequate and
easy to implement.

Nonlinear techniques are also available which discriminate be-
tween interference and signal on the basis of the amplitudes of their
respective spectral components. A device which uses this technique is
the frequency-selective limiter (FSL), which limits individual narrow-
band spectral components to some maximum value while allowing linear oper-
ation in other parts of the frequency spectrum. Such a device would be
convenient for ionosphere sounding in order to limit the magnitude of
fixed-station signals in the sounder receiver. A narrow bandwidth FSL
(less than 2 kHz) can be made using the phenomenon of nuclear magnetic
resonance [Ref. 16]. For the wide bandwidths (approximately 1 MHz) re-
quired in high resolution ionosphere sounders, the FSL is presently realized
by a filter band with each filter having a conventional limiter on its out-
put. The FSL is not needed in the FM-CW sounder however, since other, more
easily constructed nonlinear methods of interference suppression are avail- -
able.
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A basic way of reducing impulse interference is to use a limiter

or clipper which prevents the output signal from making excursions greater

- than those expected from the signal (Fig. 7a). Weagant [Ref. 17] mentions
the limiter in 1919 in a paper which describes his experiments with using
an antenna array to suppress atmospheric noise. In 1940 Wald [Ref. 18]
showed that the effectiveness of the limiter is greatest when the band-
width is as wide as possible. The wide bandwidth makes the impulse ex-
ceed the signal by a greater amount, thus facilitating its identification.
Furthermore, the duration of the impulse response in the wider bandwidth
is shorter than is the case for narrower bandwidths, which results in a
shorter length of time during which the signal is degraded. The maximum
bandwidth usable will be determined by random noise or interference in
adjacent bands. Should the random noise included in the bandwidth exceced
the signal, the clip level would have to be raised to prevent intermodu-
lation of the noise and signal, so that the increased bandwidth would not
improve performance. After the limiting operation, additioaal filtering
consistent with signal requirements is performed to eliminate the addi-
tional random noise contained in the prelimiting bandwidth.

Nicholson and Kay [Ref. 19] reported in 1964 experiments show-
ing that in the case of message transmissions whose frequency spectrum
falls off at higher frequencies, the clipping method can be improved by
differentiating the message plus impulse before clipping and then inte-
grating back to get the message with little attendant error caused by
the impulse (Fig. 7b). The reason this procedure is effective is that
the impulse noise spectrum is flat, and therefore in the frequency domain
the impulse noise spectrum is larger relative to the signal at high fre-~
quencies than at low. Differentiation emphasizes the high frequencies,
so that the impulse stands out more above the message sighal, making
clipping more effective.

The suppressicn methods shown in Figs. 7c and 7d were also
evaluated by Nicholson and Kay [Ref. 19]. The blanking system of Fig. 7c
has a threshold similar to the clipping method, except that in this case
a switch is operated when the interference exceeds the threshold, and the
output is then disconnected. The power in the output which cannot be

attributed to signal is much less with blanking than with clipping.
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INPUT i i OUTPUT
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INPUT  DIFFERENTIATOR |— CLIPPER = INTEGRATOR -2 PUT
(b)
INPUT SPST OUTPUT
=lELECTRONIC =
SWITCH
|
~ [enveLope
(c) ™19ETECTOR
BANDPASS SPST | ouTPUT
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INPUT ]
— ]
FLTen BeYEcTon
at fot Af

(d)

Fig. 7. FOUR TYPES OF NONLINEAR INTERFERENCE SUPPRESSORS.

a. Clipper.

. Improved impulse clipper.
c¢. Self blanker.

d Separate-channel blanker.
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If an adjacent channel is free of interference, the blanking

control can be obtained independently from the signal channel as shown

. in Fig. 7d. When detecting interference in the presence of the signal,
it is found that the interference may add or subtract from the signal
depending on the phase relations of the two; so that in some cases the
interference may have to be greater than twice the signal in order to be
detected. The separate-channel blanking eliminates the signal-interference
interaction, thus enabling direct detection of the interference. The de-
tection threshold can also be set at an optimum value without encountering
the problem of signal self-blanking. In the case of a CW desired signal,
the minimum rms error between the desired signal and the actual output
will be obtained with a blanking threshold equal to the desired signal
amplitude.

Still further improvement in impulse rejection can be obtained
with the increased complexity shown in the block diagram in Fig. 8. This
method is the same as that in Fig. 7d, except that the switch is moved to

" precede the signal bandpass filter and a delay is added to give the inter-
ference detector time to prevent impulse energy from causing ringing in
the signal filter. A true impulse is perfectly eliminated in this system,
with almost no effect on the desired signal. An interference-free adja-

cent frequency must be available for use, however.

SPST SIGNAL
DELAY —1 ELECTRONIC [—=1 BANDPASS m’
SWITCH FILTER
INPUT !
INTERFERENCE TIMED PULSE
DETECTOR GENERATOR

Fig. 8. TIMED-BLANKING INTERFERENCE SUPPRESSOR.

2. Cancellation

A successful nonlinear impulse-noise cancellation technique was
reported by Black [Ref. 26] in 1963. Figure 9 shows the block diagram

for this nonlinear cancelling circuit. The three filters tuned respectively
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INPUT FILTER i + S OUTPUT

aro |

- TIMES-2 FREQUENCY ‘
‘AT foaf MULTIPLIER AT fo

FILTER | .3
| AT fo-ZAfI *

Fig. 9. NONLINEAR IMPULSE CANCELLER.

at fo’ fo - Af, and fo - 2Af have narrow bandwidths so that their
impulse responses can be expressed as constant frequency sinusoids of
slowly varying amplitudes. The filter at fo passes the band of fre-
quencies required to transfer the desired signal. The frequency differ-
ence, Af, is chosen just great enough to prevent desired signal energy
from passing through the lower frequency filters. The equations expres-

sing the impulse responses of the three filters can be written:

v, = e, (t) cos [wot] ,
Ve ez(t) cos [(w0 - Aw)t] ,
Vg = es(t) cos [(wo - 2Aw)t]

where the subscripts correspond with the numbered points on the block
diagram. The limiter and the times-two frequency multiplier provide a
constant amplitude "local oscillator" signal for the mixer. The filter

at fo which follows the mixer selects the difference frequency, but has
adequate bandwidth to pass the envelope of v without distortion. There-

3
fore:

<
]

e3(t) cos [2(wo - AWt - (wo - 2/Aw)t]

e3(t) cos [wo]
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and

= - W

Ve [el(t) e3(t)] cos ot

Assuming identical bandpass shapes for filters at frequencies f and
o

fo ~ 2Af, the impulse envelope responses, el(t) and e3(t), will be

equal, giving

for an impulse input.

E. NONLINEAR METHODS APPLIED TO FM-CW INTERFERENCE SUPPRESSION

The block diagram for an FM-CW sounder receiver is shown in Fig. 10.
The interferences from fixed-frequency transmissions become FM-CW signals
after passing through the balanced mixer. The ability of the receiver
to detect low-amplitude echoes is lowered by the undesired responses ™hich
result as each station is swept through the receiver frequency. Most of
the stations are modulated, but modulation does not alter the performance
of the interference suppression in most cases. Since in a typical iono~
sphere sounder situation the time during which the interfering FM-CW sig-

nal has significant energy within the receiver IF bandwidth is about equal

ANTENNA

MIXER

COMMUNICATIONS| I-F | NONLINEAR
RECEIVER OUTPUT | SUPPRESSOR OUTPUY
FM—CW
GENERATOR
Fig. 10. BLOCK DIAGRAM OF FM-CW RECEIVER.
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to the IF filter decay time, the resulting receiver response from an
interfering station has a duration only slightly greater than that of an
impulse response. Therefore, nonlinear methods for suppressing this type
of interference are similar to those used for impulse-noise suppression.
In the case of the impulse noise, it was noted that the receiver IF am-
plifier filter should be as wide as possible in order to make the dura-
tion of the impulse short, so that the nonlinear processor would inter-
rupt the signal for the shorte.t possible time. This is not true in the
case of FM-CW interference, because as the IF bandwidth is widened the
interfering signal stays within the bandwidth for a longer time in pro-
portion to the bandwidth. However, if the IF filter bandwidth is made
too narrow, ringing will again cause increased blanking or clipping time
as in the impulse case, and the smearing of energy caused by a narrow
filter removes the possibility of detecting and suppressing interference
caused by some of the weaker interfering stations.

The blanking or clipping time T 1is approximately equal to the sum
of the time the instantaneous frequency of the FM-CW having sweep rate
of S Hz per sec is within the bandwidth B and the time required for
the filter to decay. The latter may be approximated by 1/B. Thus

B
+ g' (3.1)

If the minimum signal-interruption time is found<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>